This study presents the development of a pressure measuring unit based on a Pirani gauge and a dedicated embedded system, incorporating a simple, low-cost practical solution for significantly reducing the various measurement altering factors, such as drifts, offsets and set point drifts. This is achieved by eliminating the conventional differential analogue signal processing stage and replacing it with a high resolution analog to digital converter. Therefore the goal was to minimize the number of the electronic components whose operation is influenced by variations in ambient temperature. The main topics discussed in the paper include the presentation of the measuring circuit`s configuration, the development of a low-cost embedded system, the calibration method and the solution implemented for eliminating the platforms limitation regarding the precision of the different mathematical calculations.
Introduction
One of the most important elements in the construction of vacuum equipment is the evacuation system. Any minor malfunction or leak in the evacuation system could lead to an unwanted system shutdown and possibly to irreversible damage of the pumping units. In order to prevent this, one of the most important tasks in operating a high vacuum system [2] is the proper monitoring of the vacuum levels at different stages of the equipment.
Thermal conductivity gauge
In a mid-range vacuum line found, for example, between a turbo-molecular and a rotary pump the most common transducer type is the thermal conductivity or Pirani gauge. The sensor uses the dependence of thermal conductivity as a function of pressure [1] . The temperature of the sensor`s heated filament is an equilibrium temperature, which is set by the input and output heat balance.
The thermal conductivity of the gas decreases with decreasing pressure, thus the thermal equilibrium temperature shifts causing changes in the resistance of the filament as well. This change of resistance can be attributed to the pressure change, and therefore is an indirect indication of its value [1, 2].
The gauge can be used in a relatively wide range of pressures (5-10 -4 Torr). The relatively simple and robust construction of the gauge results in the need of little or no maintenance. It is advised to recalibrate the gauge yearly. 
The embedded system
The aim was to develop a low-cost embedded system (Figure 1.) , which uses an LTC2410 delta-sigma type [3] analog to digital converter (ADC), connected directly to the terminals of the nickel Pirani filament (R P ). This approach eliminates the conventional differential amplifier stage, thereby minimizing the number of active components that can introduce unwanted drifts and offsets. The full-scale error in this case is only 2.5ppm with a temperature dependent error drift of 10nV/°C [3] .
The analog to digital converter is connected to an 80 MIPS, 32 bit ESP8266 type microcontroller (MCU) [4] through a synchronous serial interface (SPI). The sampling time is set to 500ms and each conversion is triggered by the microcontroller.
The reference voltage for the ADC and the FAN type Pirani gauge is obtained with the help of an adjustable linear regulator.
The embedded system (Figure 2 .) features wireless network connectivity, enabling multiple outputs in the form of TCP and UDP channels, and an embedded Web-server for remote access. Therefore the unit can act as an independent sensor connected to an Ethernet based process control network [5].
Measurements and calibration
The calibration process was effectuated with a full-range, PKR251 type pressure gauge from Pfeiffer Vacuum [6] with a global accuracy of ±30%.
Both gauges were connected to a vacuum chamber in which the dynamic pressure is controlled by the gas admission and evacuation. Measurements were performed for a gas mixture formed by q N2 =4SCCM and q Ar =6SCCM inlet mass flows, and with a 16bit ADC resolution.
The heat capacity and the thermal conductivity of the different gases varies [7] , therefore the unit needs to be calibrated in the presence of the gases used in the actual application.
The temperature of the filament (1), as well as the temperature resolution (3) can be estimated by taking into consideration the dependence of the resistance on the temperature and the basic voltage equations of the presented electronic circuit. where R P' (3.72Ω) is the reference resistance of the Pirani filament at T'=30°C, α is the temperature coefficient of resistance of the nickel, and V P is the voltage drop on the filament (2)
(2)
Based on equation (3), the resolution can be increased by raising the V REF reference voltage.
(3)
The value of the V REF was practically determined so that at the lower end of the pressure range the A/D conversions quantum equals with a Δp=1.5·10 -5 Torr pressure change. Thus, with the lowest pressure of 4·10 -4 Torr and the resulting 194mV reference voltage, the filament`s temperature (1) is 95°C. When used with oil sealed rotary pumps, it is advisable to operate the gauge at the lowest possible temperature, because oil vapours can condensate on the surface of the hot filament, changing its heat transfer parameters.
With given system parameters, in every of the 12 pressure ranges the result of the A/D conversion was approximated in function of the pressure with first or second order polynomial functions (Table 1.) . We determined the accuracy of the various approximation functions implemented in the embedded system, as well as the different resolutions available in the pressure ranges presented.
The mean error and the variance (σ 2 ) describe the deviation between the calculated pressure and the pressure measured by the calibration gauge. The results are shown in 
Software implementation
Although the MCU features a 32bit platform, the development environment limits both double and float types to only 7 decimals. As a result, the accuracy of the various calibration functions decreases significantly.
The solution proposed for the presented problem assumes the use of a dedicated library [8] , which extends the number of decimals to 16. On the downside the system requirements such as the RAM usage and the CPU processing time are increased. The maximum execution time is 4ms, which is only 0.8% of the sampling time.
Conclusions
The developed system offers a relatively simple and low-cost solution for measuring the pressure of a mid-range vacuum line. It can be used for a wide range of different Pirani gauges and the working parameters can be optimized according the function of the field of application. With the presented solution, the unit achieves an adequate resolution for a wide range of applications.
The embedded system serves as a vital safety element, being capable of sensing vacuum leakages and evacuation malfunctions.
